Vertebrate hypoxia tolerance can emerge from modifications to the oxygen (O 2 ) transport cascade, but whether there is adaptive variation to O 2 binding at the terminus of this cascade, mitochondrial cytochrome c oxidase (COX), is not known. In order to address the hypothesis that hypoxia tolerance is associated with enhanced O 2 binding by mitochondria we undertook a comparative analysis of COX O 2 kinetics across species of intertidal sculpins (Cottidae, Actinopterygii) that vary in hypoxia tolerance. Our analysis revealed a significant relationship between hypoxia tolerance (critical O 2 tension of O 2 consumption rate; P crit ), mitochondrial O 2 binding affinity (O 2 tension at which mitochondrial respiration was half maximal; P 50 ), and COX O 2 -binding affinity (apparent Michaelis-Menten constant for O 2 binding to COX; K m,app O 2 ). The more hypoxia tolerant species had both a lower mitochondrial P 50 and lower COX K m,app O 2 , facilitating the maintenance of mitochondrial function to a lower O 2 tension than in hypoxia intolerant species. Additionally, hypoxia tolerant species had a lower overall COX V max but higher mitochondrial COX respiration rate when expressed relative to maximal electron transport system respiration rate. In silico analyses of the COX3 subunit postulated as the entry point for O 2 into the COX protein catalytic core, points to variation in COX3 protein stability (estimated as free energy of unfolding) contributing to the variation in COX K m,app O 2 . We propose that interactions between COX3 and cardiolipin at four amino acid positions along the same alpha-helix forming the COX3 v-cleft represent likely determinants of interspecific differences in COX K m,app O 2 .
Introduction
Environmental hypoxia in marine ecosystems is increasing in both severity and duration due to climatic shifts and widespread eutrophication (Diaz and Breitburg 2009) . The increasing prevalence of hypoxia threatens to compress viable marine habitats, but whether a species will be impacted is dependent upon their hypoxia tolerance, which among fish is known to vary to a great degree (Chapman and Mckenzie 2009) . Indeed, naturally occurring hypoxia has been an important evolutionary driving force in fish, resulting in both convergent and divergent selection of physiological traits that enhance hypoxia tolerance (Richards 2009 (Richards , 2011 . Understanding the determinants of variation in physiological function as it pertains to hypoxia tolerance is increasingly important in order to parametrize predictive models that seek to define how organisms will respond to the greater prevalence of hypoxia in the marine environment.
Adaptive modifications of the vertebrate oxygen (O 2 ) transport cascade are well described in various groups of organisms that encounter hypoxia including fish (Chapman and Mckenzie 2009) , high altitude geese (Scott et al. 2009 ) and deer mice (Lui et al. 2015; Natarajan et al. 2015; Storz et al. 2009 ). Hypoxia tolerant organisms typically have larger respiratory surface areas (gills, Nilsson 2007 ; lungs in birds, Scott et al. 2011 ), higher haemoglobin-O 2 binding affinity (Jensen and Weber 1982) , and lower tissue O 2 demands (Hopkins and Powell 2001) all of which facilitate the maintenance of aerobic function even in the presence of sometimes severe environmental hypoxia. Indeed, among sculpins (diverse species of fish from the family Cottidae; Actinopterygii) that live along the marine near-shore environment, an environment typified by strong spatial and temporal variation in hypoxia exposure, Mandic et al. (2009) demonstrated a phylogenetically independent relationship between the critical PO 2 for O 2 consumption rate (P crit ; the environmental PO 2 below which animal O 2 consumption rate conforms to decreasing environmental PO 2 ), and several traits along the O 2 transport cascade. Hypoxia tolerant sculpins have larger mass specific gill surface area, higher hemoglobin-O 2 binding affinity (low Hb-O 2 P 50 ), and generally lower metabolic rates compared with less hypoxia tolerant species. Although it is well established that modifications to the O 2 transport cascade are important determinants of hypoxia survival in fishes and other organisms, much less is known about how variation in hypoxia tolerance is related to mitochondrial function and the actions of cytochrome c oxidase (COX), which is the protein responsible for the majority of whole-animal O 2 use during respiration.
Cytochrome c oxidase is an ancient, multi-subunit enzyme that is thought to be older than the surge in atmospheric O 2 that occurred 2.4-2.1 billion years ago and led to the explosion of eukaryotic biodiversity (Castresana et al. 1994; Lyons et al. 2014) . Although the original function of COX remains unknown, COX in oxic mitochondria catalyze the final transfer of electrons from the electron transport system (ETS) to O 2 , reducing it to water while simultaneously pumping protons to generate a proton electrochemical gradient for ATP synthesis via the F 1 F O ATP-synthase. The subunits that compose the COX catalytic core, COX1, 2, and 3 are all coded for by the mitochondrial genome which is typified by a high mutation rate that can be $10 times greater than that of the nuclear genome (Brown et al. 1979; Pierron et al. 2012) . These COX subunits could thus be hotspots of genetic and hence functional variation upon which natural selection can act. Indeed, nonsynonymous substitutions in COX 1 and 2 have been identified between low and high-altitude pika (Ochotona curzoniae) (Luo et al. 2008 ) and functional analysis of COX orthologues among geese (Scott et al. 2011 ) and locusts (Zhang et al. 2013 ) has revealed putatively adaptive variation whereby COX from the more hypoxia tolerant, high-altitude species or populations have a higher binding affinity for cytochrome c than the lower altitude organisms. Although these studies suggest that aspects of COX function are under selection in organisms inhabiting hypoxic environments, no study has yet to examine whether there is adaptive variation in the kinetics of COX interactions with O 2 , which is the critical element limiting survival in the hypoxic environments.
The goal of this study is to determine if there is functional variation in the kinetics of mitochondrial and COX interactions with O 2 among species of marine sculpins that vary in their ability to withstand O 2 deprivation. We chose to focus on mitochondria and COX from the brain because of its importance to the maintenance of whole-animal function in hypoxia. Further, to provide a mechanistic understanding of COX functional differences in the absence of being able to generate recombinant protein of the complex multi-subunit COX enzyme, in silico analyses of deduced protein sequences were performed to highlight the putatively important amino acid sites on COX under selection by hypoxia.
Results and Discussion
Interspecific Variation in COX Function and Mitochondrial P 50 In order to assess whether there is adaptive variation in how COX interacts with O 2 , we assessed the kinetic properties of COX orthologues from the brain of eight species of sculpins, previously shown to vary in hypoxia tolerance (assessed as time to loss of equilibrium) and P crit (Mandic et al. 2009 (Mandic et al. , 2013 . Among the eight species of sculpins, there was large variation in the apparent Michaelis-Menten constant for O 2 binding to COX (K m,app O 2 ) and this variation was significantly correlated with previously determined P crit values ( fig. 1A and table 1 ). COX from hypoxia tolerant sculpins (those with lower P crit values) had a lower K m,app O 2 than the less hypoxia tolerant species. These empirically determined values for COX K m,app O 2 are generally lower than the values reported in mammals (ranging between 0.25 and 0.66 mM in this study compared with 0.5-1 mM K m of O 2 in bovine COX (pH 7.4 at 25 C; reviewed in Brunori et al. 1987 and Nicholls and Chance 1974) , which may not be surprising considering the general sensitivity of most mammals to O 2 deprivation. Notwithstanding the generally lower COX K m,app O 2 in fish relative to mammals, this is the first study to show that the evolution of hypoxia tolerance is directly associated with functional modifications to COX that increase O 2 binding affinity and facilitate the maintenance of aerobic metabolism in hypoxia.
In addition to the adaptive variation in COX K m,app O 2 observed herein, previous comparative studies have shown a lower apparent binding affinity of COX for cytochrome c in high altitude species or populations compared with lower altitude species and populations (Scott et al. 2011; Zhang et al. 2013 ). Although it is tempting to think that the apparent binding affinity of COX for both cytochrome c and O 2 would covary, there appears to be no clear mechanistic link of steps in the COX redox cycle that involve cytochrome c electron transfer to Cu A on COX2 exerting control over K m for O 2 (Krab et al. 2011 ). As such, the mechanistic origin of the adaptive variation in COX K m,app O 2 does not appear to be linked to cytochrome c binding.
COX K m,app O 2 can be modified by the energy and redox states of the ETS (Krab et al. 2011) . In order to investigate whether respiratory and redox states affect the interspecific relationship between P crit and COX K m,app O 2 we assessed brain mitochondrial P 50 in five species of sculpins under state III phosphorylating conditions with complex I and II fuels. Under these strongly reducing conditions, we observe a significant relationship between P crit and mitochondrial P 50 , with the most hypoxia tolerant sculpin having the lowest mitochondrial P 50 ( fig. 1A and table 1) .
The interspecific relationships between P crit and both mitochondrial P 50 and COX K m,app O 2 were roughly parallel ( fig. 1A ), but the mitochondrial P 50 was 1.6 to 2-fold higher than the associated COX K m,app O 2 , which may be due to greater diffusion distances for O 2 in the intact mitochondria compared with the semipurified COX protein. Cellular O 2 levels are estimated to be 2-5 mM O 2 ($0.14-0.35 kPa), and below 2 mM O 2 ($0.14 kPa) closer to mitochondrial cluster (Jones 1986 ). These O 2 concentrations are many fold higher than what the mitochondrial ETS normally requires to maintain function, suggesting that mitochondria and COX do not lack O 2 under normal physiological conditions but when environment O 2 is diminished, cellular PO 2 will decrease necessitating adaptations at the mitochondrial and COX level to improve O 2 kinetics in species inhabiting these environments. The similar interspecific relationships between P crit and both COX K m,app O 2 and mitochondrial P 50 lead us to conclude that the variation in COX K m,app O 2 among sculpins is due to intrinsic properties of the COX enzyme and not due to modifying effects of mitochondrial respiration or redox state.
In combination with previous studies (Mandic et al. 2009 (Mandic et al. , 2013 figure 1C is lower than 1 according to one-sample t test with Bonferroni correction for multiple comparisons). The lower COX V max (fig. 1B) in hypoxia tolerant sculpins with lower mitochondrial P 50 suggests that these species have a less powerful COX or lower COX protein content (V max ¼ k cat Â [E]), but the higher COX respiration rate determined in uncoupled mitochondria ( fig. 1C ) suggests that the COX protein operates at a higher level relative to total ETS flux in hypoxia tolerant sculpins compared with hypoxia intolerant sculpins. These divergent relationships between COX V max and COX respiration rate suggest that other mitochondrial components, perhaps the phosphorylation system or allosteric regulation by ATP/ADP (Ludwig et al. 2001 ), may contribute to regulating COX activity in the intact mitochondria and that hypoxia tolerant sculpins appear to have COX proteins that can function to a greater extent of mitochondrial maximal capacity than do hypoxia intolerant sculpins. Excess COX capacity is widely acknowledged in the mammalian literature and several hypotheses have been put forward to explain the potential benefit of higher, or even excess COX capacity, toward aerobic metabolism under O 2 limiting conditions. First, as PO 2 is reduced, the flux control coefficient of COX over ETS flux increases such that the total ETS flux is increasingly controlled by COX. As such, in organisms that frequently encounter hypoxic conditions, higher COX enzyme capacity could lower the flux control coefficient and reduce COX control over ETS flux, which would support relatively higher ETS flux even when PO 2 is decreasing (Gnaiger et al. 1998; Suarez et al. 1996) . Second, it has been hypothesized that a greater mitochondrial COX capacity could serve to store excess electrons and reduce reactive O 2 species generation, which could potentially alleviate oxidative stress during recovery from hypoxia, although this hypothesis has not been empirically tested (Campian et al.
FIG. 1. (A)
Relationship between whole animal hypoxia tolerance (P crit ) and brain mitochondrial P 50 (Data are mean 6 s.e.m.; PGLS, P ¼ 0.03, y ¼ 40.07x þ 2.71; hollow squares) and COX K m,app O 2 (PGLS, P < 0.0001, y ¼ 37.12x þ 3.75; black circles) and relationship between brain mitochondrial P 50 and (B) COX V max enzyme activities among sculpins (PGLS, P < 0.0001, y ¼ 4607.04x þ 173.74), and (C) ascorbate-TMPD stimulated mitochondrial respiration (COX respiration rate; OLS, P ¼ 0.015, y ¼ À17. Evolution of Cytochrome c Oxidase . doi:10.1093/molbev/msx179 MBE 2007). A similar relationship in COX V max as the one in sculpins was observed when comparing the hypoxia tolerant epaulette shark (Hemiscyllum ocellatum) and to the less tolerant shovelnose ray (Aptychoterma rostrata) where the less tolerant species exhibited higher COX activity (Hickey et al. 2012 ). However, the opposite trend was observed relating hypoxia tolerance and COX V max among triplefin fishes (familes Bellapiscis and Forsterygion; Hilton et al. 2010) , another group of fish that inhabit the marine near-shore environment, and also in highland deer mice that have higher COX V max than their lowland counterparts (Cheviron et al. 2014; Lui et al. 2015) . These conflicting results suggest that a lower COX V max is not a universal evolutionary strategy for surviving environments prone to fluctuating PO 2 .
Our interspecific comparison of sculpins inhabiting the near-shore marine environment clearly suggests that a low mitochondrial P 50 and low COX K m,app O 2 are putative adaptations that enhance hypoxic survival in the more hypoxia tolerant sculpin species found in the O 2 variable intertidal zone, compared with species from the more O 2 stable subtidal environment. However, O 2 is not the only abiotic factor that varies in the intertidal environment. Tidepool temperatures can vary from $12 C during high tide (bulk ocean temperature near collection sites) or low tide at night to upwards of 24 C or higher during daytime emergence (Richards 2011) . In ectotherms, increases in temperature necessitate increases in O 2 uptake in order to support a higher metabolic rate, but for many enzymes, increases in temperature are known to increase K m for substrate binding (Holland et al. 1997) . Furthermore, temperature-induced changes in cellular pH (alpha-stat) may also impact protein function and K m (reviewed in Burton 2002) . Thus, it is also tempting to speculate that temperature variation may also serve as a selective pressure underlying the interspecific variation in COX K m,app O 2 whereby species that experience warm temperatures have evolved a COX protein with lower K m,app O 2 to offset temperature/pH dependent effects. However, the natural patterns of O 2 and temperature fluctuations experienced by our most hypoxia tolerance species do not support temperature as an important variable underlying the low COX K m,app O 2 . For example, daytime emergence of tidepools is associated with both warm temperatures and hyperoxia (up to $400% air saturation; Richards 2011), thus any warm temperature induced increases in COX K m,app O 2 would be offset by higher O 2 availability. In contrast, nighttime emergence is associated with often severe hypoxia, but at temperatures that are near the bulk ocean temperatures of 12 C. Thus, based on the natural fluctuations in O 2 and temperature experienced by fish living in tidepools, it seems likely that the interspecific variation in COX K m,app O 2 is due to variability in O 2 , not temperature, but this assertion requires validation.
COX Protein In Silico Analyses
In order to gain insight into the mechanistic underpinnings of the adaptive variation in COX K m,app O 2 among sculpins, we adopted an in silico approach based on protein modelling of deduced amino acid sequences of the mitochondrialencoded COX core. The catalytic core of the COX is comprised of three mitochondrial-encoded subunits: subunit 1 (COX1) contains the binuclear O 2 binding site (containing heme a 3 and Cu B ), subunit 2 (COX2) contains the docking site for reduced cytochrome c and Cu A , and subunit 3 (COX3) which is essential for maintaining protein function ( fig. 2A and B; Bratton et al. 1999; Wikström et al. 2015) , serves as the putative entry point for O 2 , and protects the entrance of the D proton transfer pathway at the COX1/COX3 interface (Hosler 2004; Sharma et al. 2015) . Given the lack of a clear mechanistic link between cytochrome c binding to COX2 and O 2 binding (Krab et al. 2011) , we elected to focus our analysis on COX1 and COX3.
Variation in the apparent binding affinity of O 2 to COX could be due to differences in the fast trapping of O 2 by COX1 through the rapid electron transfer from the heme a and a 3 (Verkhovsky et al. 1996) or due to differences in the rate of O 2 diffusion from outside of this multimeric protein to COX1 heme a 3 (Riistama et al. 1996) . As all vertebrates contain the same aa 3 -type COX1 (with heme a and heme a 3 ) it is unlikely that the variation that we measure in COX K m,app O 2 is due to variation in O 2 trapping, thus we focus on the role of variation in the O 2 diffusion pathways through the COX protein. A putative COX O 2 diffusion pathway was elucidated in the crystal structure of bovine heart COX and also via sitedirected mutagenesis studies of aa 3 -COX from Paracoccus NOTE.-Pagel's k is an indication of whether the phylogeny correctly predicts the patterns of covariance among species on a given trait. k value of 0 indicates that the correlation is independent of phylogeny, whereas value of 1 is consistent with the constant-variance model (or Brownian motion model) being a good representation of the data. MBE denitrificans, which involves a hydrophobic channel that extends from the COX surface through a COX3 v-cleft structure to the COX1 binuclear O 2 binding site (Riistama et al. 1996; Tsukihara et al. 1996) . We therefore hypothesized that amino acid variation in COX1 and/or COX3 subunits could affect the pathway of O 2 diffusion and thus sculpin K m,app O 2 .
To investigate this possibility, we evaluated sequence-based differences of COX1 and three subunits by aligning and modeling the two COX subunits from six sculpin species that varied in COX K m,app O 2 using bovine heart COX protein crystal structure as template.
COX1 Protein Structure
In COX1, all residues important for heme a, a 3 binding were conserved as were all known residues participating in the proton pumping D-pathway, through which chemical and pumped protons are transferred 
COX3 Protein Structure and Stability
It was previously thought that the only role of COX3 was to impart structural integrity to the catalytic core, but it is now recognized that COX3 plays an essential role in maintaining COX activity at high pH by protecting the microenvironment of the proton acceptor of the D-pathway, as well as preventing suicide inactivation during the catalytic cycle (Bratton et al. 1999; Hosler 2004 ). In addition, COX3 is the putative site for O 2 entry into the large COX complex en route to the COX1 catalytic site via a distinct v-cleft structure formed from two bundles of seven transmembrane helices of COX3. Three histidine residues near the N-terminus of COX3 have been shown to play a critical role in accepting and donating protons for possible use by D-pathway (Alnajjar et al. 2014 ). Combined, these findings suggest that COX3 not only has an important role in maintaining O 2 diffusion into the protein core but also proton uptake. Cumulative point mutations on a protein surface can affect its interactions with the surroundings and alter protein stability/protein function (Eijsink et al. 2004; Strickler et al. 2006) . As COX3 does not contain any catalytic residues, we first estimated in silico protein stability of the COX3 orthologues to determine whether interspecific amino acid substitutions could potentially affect COX3 protein surface and be related to COX K m,app O 2 . This analysis revealed a significant relationship between COX3 protein stability with brain COX K m,app O 2 (estimated as free energy of unfolding; fig. 2B and table 1), suggesting that COX3 protein may play a role in determining K m,app O 2 . A more stable COX3 protein in more hypoxia tolerant sculpin suggests that they either have a more compact and rigid protein, and/or they differ in how COX3 interacts with its surroundings due to surface mutations (e.g., with other protein subunits or phospholipids). The COX3 models reveal that its interface with COX1 is well conserved across sculpin species, whereas the opposing interface with the phospholipid bilayer showed interspecific amino acid residue differences ( fig. 2D ). In particular, there were three residues showing interspecies variation in amino acid functional groups on helix 2 which forms one arm of the previously thought highly conserved COX3 v-cleft structure ( fig. 2B and D, supplementary table 2 , Supplementary Material online). Sequence analysis further suggests that interspecific differences in COX3 residues could also affect interactions with a high affinity bound cardiolipin adjacent to the v-cleft, and also with nuclear subunits 5b, 6a, 6b, and 7a (supplementary table 2, Supplementary Material online).
Interspecific Variation in Mitochondrial Kinetics Does Not Affect Proton Pumping
Since differences in COX3 could potentially affect proton uptake to the D-pathway in COX1, we assessed whether the interspecific variation in O 2 kinetics was associated with differences in COX proton pumping, estimated as the speed with which anoxic brain mitochondria recovered the proton gradient upon reoxygenation. However, this analysis did not reveal a significant relationship between COX K m,app O 2 and the rate of proton gradient recovery (supplementary fig. 2 , Supplementary Material online). There may, however, be interspecific variation in the rate of recovery of postanoxia membrane potential suggesting possible modifications to proton transfer unrelated to D-pathway residues in COX1 and these modifications deserve more in-depth study.
COX3 Protein Stability May Affect Cardiolipin Interactions and Mitochondrial Function
Cardiolipin is a membrane phospholipid found exclusively in mitochondria and plays important roles in the function of COX (Alnajjar et al. 2015; Hofacker and Schulten 1998) . Four cardiolipin molecules are directly associated with COX, and one in particular, situated within the COX3 v-cleft with its head group in contact with COX7a (Arnarez et al. 2013) , is thought to be critical for O 2 uptake by the protein due to the higher partition coefficient of O 2 in phospholipids than aqueous media (Hofacker and Schulten 1998). Indeed, Sedl ak and Robinson (2015) demonstrated that the cardiolipin associated with COX7a (and COX3) is critical for the function of COX. Given the interspecific variation in COX O 2 kinetics ( fig.  1A ), COX3 protein stability ( fig. 2C ) and COX3 residues that interact with COX7a ( fig. 2A ; supplementary table 2, Supplementary Material online), we hypothesized that residues important for cardiolipin interaction would vary between sculpin species. We carried out in silico alanine scanning mutagenesis to mutate residues between COX3 and cardiolipin on the bovine COX crystal structure to alanine to identify important sites involved in the protein-ligand (COX3-cardiolipin) interaction. These analyses yield a DDG, representing the difference in DG between the native protein Evolution of Cytochrome c Oxidase . doi:10.1093/molbev/msx179 MBE and a mutated protein where the native amino acid is replaced with an alanine residue (with a small methyl side chain) to investigate protein-ligand interactions. The results of this analyses predicted that alterations in both positions 55 and 224 would have the greatest impact on COX3-cardiolipin interactions, pointing to both positions having key roles in cardiolipin recognition by forming hydrogen bonds with the structure (fig. 2E ). Mapping of residues 55 and 224 onto a simplified sculpin phylogeny indicates a pattern that suggests that variation in this cardiolipin interaction may have been important in sculpins invading the upper intertidal environment ( fig. 3, supplementary fig. 3, Supplementary Material   FIG. 2. (A) Structure of whole COX enzyme (bovine heart 3ABM PDB structure) with COX1 (in orange), COX2 (in green), COX3 (in blue), and COX7a (in pink) highlighted; (B) COX1 (in orange) and COX3 (in blue) structures that were investigated for interspecific differences between sculpin species (heme a 3 , a part of the binuclear site, is shown in pink in the COX1 structure); (C) Relationship between brain COX K m,app O 2 and COX3 subunit protein stability (estimated as free energy of unfolding, in kcal/mol; data are means 6 s.e.m.; OLS, P ¼ 0.029, y ¼ 0.0052x þ0.40); (D) COX3 structure showing sculpin interspecific differences in amino acid residues. Cardiolipin (CDL270) is shown in green. Blue in panel D identifies residues where the least hypoxia tolerant species in our study Blepsias cirrhosus is different from the other species, and orange highlights positions where more hypoxia tolerant species Oligocottus maculosus, Artedius fenestralis, and Artedius lateralis are different from the others (refer to supplementary table 2, Supplementary Material online); (E) DDG of mutants from alanine mutagenesis analyses of COX3 interacting residues with cardiolipin (CDL270) in the bovine structure, showing particular importance of residues 55 and 224 for ligand recognition.
Lau et al. . doi:10.1093/molbev/msx179 MBE online), which is typified by daily bouts of hypoxia at night. Two exceptions to this pattern can be observed in M. polyacanthocephalus and O. maculosus, both of which have similarly low COX K m,app O 2 but differ at residues 55 and 224. Additional comparison between M. polyacanthocephalus and B. cirrhosus, our most hypoxia intolerant species, reveals two of the four amino acid differences (positions 41 and 47) are also found on helix 2 (same as position 55) which forms an arm of the COX3 v-cleft ( fig. 3 ; supplementary table 2, Supplementary Material online). This provides further evidence for a role of the COX3 v-cleft in determining COX K m,app O 2 in sculpins and that the low COX K m,app O 2 seen in hypoxia tolerant sculpins can be achieved via genetic mechanisms. As such, we provide the first mechanistic hypothesis for a previously unrecognized, but potentially critical adaptation that ensures hypoxia tolerant organisms maintain mitochondrial function and aerobic metabolism to a lower PO 2 than in hypoxia intolerant species.
Summary
The present study provides novel evidence of adaptive variation in the function of COX, arguably the most important protein in aerobic respiration, where organisms that have evolved a higher degree of hypoxia tolerance possess a high O 2 affinity COX that functions to a greater extent of its maximal activity. These adaptive modifications to COX and mitochondria in hypoxia tolerant sculpins translates into these species being better able to maintain mitochondrial function to a lower cellular PO 2 than in hypoxia intolerant sculpins. As such, we provide strong interspecific evidence that the mitochondrion and O 2 -binding COX protein are under selection for improved function in organisms that experience hypoxia more frequently in their natural environment. Furthermore, we have identified several amino acid residues on the sculpin COX3 structure that are strong candidates for explaining the adaptive variation in COX K m,app O 2 through modulation of the high-affinity interaction between COX3 and cardiolipin.
Materials and Methods

Chemicals
Cytochrome c (from equine heart; Sigma-Aldrich) was reduced via dialysis with ascorbate in 50 mM Tris-HCl buffer, pH8.0. The concentration of reduced to oxidized cytochrome c was determined by spectrophotometry as A 550 /A 280 (between 1.1 and 1.3) and was stored in aliquots at À80 C until use. Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich (Canada).
Species Collection and Holding
Sculpins were collected near Bamfield Marine Sciences Centre (British Columbia, Canada) at Ross Islets (48 52.4 0 N, 125 9.7 0 W) and Wizard's Rock (48 51.5 0 N, 125 9.4 0 W) using either handheld nets or pole seines at the lowest tidal cycle. Animals were either sampled after 1 week of housing in flowthrough seawater (12 C) or transported to The University of British Columbia (UBC) and housed in a recirculation system with artificial seawater (12 C) and maintained on a diet of shrimp, Atlantic krill, and bloodworms for at least 3 weeks. All experimental procedures were reviewed and approved by the UBC Animal Care Committee (A13-0309).
Mitochondrial Isolation
Mitochondria were isolated from whole brain of eight species of sculpins including (Oligocottus maculosus, Myoxocephalus polyacanthocephalus, Clinocottus globiceps, Hemilepidotus hemilepidotus, Leptocottus armatus, Artedius fenestralis, Artedius lateralis, and Blepsias cirrhosus). Briefly, fish were stunned via concussion, euthanized by spinal severance and the brain was dissected and minced with a razor blade on ice. The minced tissues were transferred to a glass homogenizer containing isolation media (in mM: 25 KH 2 PO 4 , 50 KCl, 10 Evolution of Cytochrome c Oxidase . doi:10.1093/molbev/msx179 MBE HEPES, 0.5 EGTA, 250 sucrose, 0.5% bovine serum albumin (BSA), pH 7.4) and homogenized with three full passes. The resulting homogenate was transferred to centrifuge tubes and centrifuged at 600 Â g for 10 min at 4 C. The supernatant was collected, filtered though glass-wool, and centrifuged at 9,000 Â g for 10 min at 4 C. The pellet was suspended in isolation media and centrifuged again at 9,000 Â g for 10 min at 4 C. The final pellet was suspended in isolation media without BSA and either used immediately (for whole mitochondrial measurements) or frozen in aliquots in liquid nitrogen (for COX K m,app O 2 ) and stored at À80 C for later analysis.
COX K m,app O 2
Frozen mitochondria were freeze-thawed three times and assayed after the third thaw in the Oroboros oxygraph (Innsbruck, Austria) that was calibrated daily to 100% air saturation and anoxia at 12 C in assay buffer (in mM at pH 7.2: 25 K 2 HPO 4 , 5 MgCl 2 , 100 KCl, 2.5 mg/ml BSA). An assay temperature of 12 C was chosen for this analysis because it is the typical marine water temperature off the coast of British Columbia and the temperature to which these animals were acclimated. Buffer pH was kept consistent across species to enable comparisons of COX K m,app O 2 under constant conditions for all species. Once the air calibration signal stabilized, chamber O 2 was reduced to $100 mM by passing a stream of nitrogen gas over the surface of an open oxygraph chamber. The chamber was then sealed and 4 mM ascorbate, 0.5 mM N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD), and 100 mM reduced cytochrome c were added sequentially, followed by the addition of the freezethawed mitochondria. The progression of O 2 consumption was then monitored until anoxia.
Background auto-oxidation was determined in separate trials (without freeze-thawed mitochondria), fit with a twophase decay nonlinear curve, and used to correct experimental O 2 consumption rate. The corrected O 2 consumption curves were then fit with a two-phase decay and the fast phase half-life was taken as the COX K m,app O 2 .
Mitochondrial P 50
Mitochondrial respiration was measured with the Oroboros oxygraphy, which was calibrated daily to 100% air saturation and anoxia at 18 C in assay buffer (MiR05; in mM at pH 7.1: 0.5 EGTA, 3 MgCl 2 Á6H 2 O, 60 lactobionic acid, 20 taurine, 10 KH 2 PO 4 , 20 HEPES, 110 D-sucrose, 1g/l BSA). We chose to perform the analysis of mitochondrial P 50 at 18 C instead of at their acclimation temperature of 12 C because of the higher signal-to-noise-ratio at the warmer temperature. Once the air calibration signal stabilized, mitochondria ($0.1 mg protein) was introduced into the chamber and the chamber was then sealed. To fuel complex I, 5 mM pyruvate, 2 mM malate, and 10 mM glutamate were added, following which 10 mM succinate was added to fuel complex II. 1 mM ADP was then added to stimulate maximum state III respiration rate. The progression of O 2 consumption was then monitored until anoxia. The analyses of mitochondrial P 50 was performed with DatLab2 (Oroboros; Innsbruck, Austria).
COX Respiration Rate (Ascorbate-TMPD/FCCP Respiration Rate)
Samples of whole brain mitochondria were introduced into the calibrated Oroboros chamber set to 18 C. After complex I (5 mM pyruvate, 2 mM malate, and 10 mM glutamate) and II (10 mM succinate)-fuelled state III respiration was established (data not shown), the ETS was uncoupled with titration of two to three 0.05 mM steps of carbonyl cyanide 4-(trifluoromethyoxy)phenylhydrazone (FCCP). After mitochondria were fully uncoupled (when respiration rate no longer increased with FCCP titration), 0.5 mM rotenone and 2.5 mM antimycin A were added to the chamber to inhibit complexes I and III, respectively, followed by 2 mM ascorbate and 0.5 mM TMPD that were added to donate electrons to cytochrome c and maximally stimulate COX respiration rate. The COX respiration rate was corrected for the empirically determined chemical background of ascorbate-TMPD autoxidation at various PO 2 values. COX respiration rate was normalized to the uncoupled respiration rate determined in the presence of FCCP and complex I and II substrates (an estimate of ETS capacity). The fact that the normalized values are close to or slightly below 1 (but not significantly; one sample t-test with Bonferonni correction for multiple comparisons) does not affect the relationship between COX respiration between species as the same trend is observed when COX respiration is expressed to complex I and II-fuelled state III ADP-stimulated respiration rate (data not shown).
COX Voltage Recovery Rate
Membrane potential was monitored in freshly isolated mitochondria using tetraphenylphosphonium (TPP þ ) ion selective electrodes connected to the oxygraph unit. Four additions of 0.5 mM TPP were used for calibration.
After TPP þ calibration, mitochondria were injected into the chamber. Complex I (5 mM pyruvate, 2 mM malate, and 10 mM glutamate) and II (10 mM succinate) substrates were used to induce state II respiration. 4 mM ADP was added to stimulate state III respiration. The O 2 inside the chamber was then allowed to deplete and during the resulting anoxic period (not exceeding 10 min), the following were introduced into the 2 ml oxygraph chamber: 560 U catalase, 0.35 mM ascorbate, 0.1 mM TMPD, 1 mM rotenone, 5 mM antimycin A, and 5 mM oligomycin to ensure the other ETS complexes were inhibited, and that COX had saturating levels of electron donors to achieve maximal activity when O 2 was reintroduced to the chamber. To reoxygenate, 0.08 mM (in 3 ml) H 2 O 2 was injected into the chamber and in the presence of catalase it quickly reintroduced O 2 into the chamber.
To estimate membrane potential recovery rate, the initial velocity of TPP signal recovery was calculated per trial, and normalized to the maximum TPP signal to which the sample recovered to after reoxygenation. In order to account for varying concentrations of COX enzyme between samples, this recovery rate was then expressed relative to the ).
cox1 and cox3 Sequencing cox1 and cox3 genes which make up the catalytic core were sequenced from six sculpin species including Oligocottus maculosus, Artedius lateralis, Artedius fenestralis, Myoxocephalus polyacanthocephalus, and Blepsias cirrhosus. These species were chosen because they are found on different clades of the sculpin phylogeny (Knope 2013) , and they show a range in whole animal hypoxia tolerance (P crit ) and COX K m,app O 2 ( fig. 1 ). Mitochondrial DNA was extracted from muscle of 2-3 individuals per species using DNeasy Tissue Kit (Qiagen). Degenerate and specific primers (supplementary table 3, Supplementary Material online) for PCR amplification were designed for cox1 and cox3 using GeneTool Lite 1.0 (BioTools). PCR products were purified with QIAquick PCR purification kit (Qiagen), and sequenced using an Applied Systems 3730 DNA Analyzer. A consensus sequence for each species was determined using Geneious (Drummond et al. 2012) . Sequences were submitted to Genbank (accession numbers KY356329-KY356352).
Protein In Silico Analyses
The deduced consensus cox1 and cox3 sequences for each species were translated in Geneious (with BLOSUM matrix) and modeled separately using bovine heart COX structure (3ABM PDB) as template. Swiss-PdbViewer (Guess and Peitsch 1997) was used to view and manipulate protein data bank (PDB) files. The 3D structures were created using PyMOL. Comparisons of functional domains were determined after aligning to annotated bovine heart COX (3ABM)
Protein Stability Analyses
FoldX (Schymkowitz et al. 2005 ) (with YASARA view (Krieger and Vriend 2014) ) was used to calculate protein stability (DG). To prepare data for FoldX analyses, modeling results from Swissmodel were exported as PDB files, which were first repaired using FoldX (using the REPAIRPDB function to undergo energy minimization of overall protein structure). The FoldX algorithm was then applied to calculate protein stability (DG). Subunit and phospholipid interactions were investigated using PDBePISA (EMBL-EBI; Krissinel and Henrick 2007) after modeling all three subunits to the 3ABM catalytic core. ABS-Scan (Anand et al. 2014 ) online platform was used to carry out in silico alanine scanning mutagenesis on COX3 and cardiolipin (CDL270 in 3ABM PDB file) interaction. The larger the DDG value indicates larger DG between wild-type and mutated protein, and the more the alanine mutation disrupted protein stability.
Statistical Analyses
Correlative analysis was performed using both ordinary least squares (OLS) and phylogenetically generalized least squares (PGLS) using ape (Paradis et al. 2004) , Geiger (Pennell et al. 2014 ) and nlme (Pinheiro et al. 2014 ) packages in R (Team 2016) . For the phylogenetic analyses we used the most updated phylogenetic tree of the marine species of Superfamily Cottoidei (Knope 2013) and dropped the tips of the tree for species with no available data. Each set of regressions from our data set was tested under OLS and PGLS (Pagel 1999 ). Pagel's k of 0 indicated that the correlation was independent of phylogeny, whereas k value of 1 is consistent with the constant-variance model (or Brownian motion model). The model with the lower Akaike's Information Criterion (AIC) value represented the better fitting model (table 1) .
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
